The role of extracellular fl-1,3-glucanases and chitinases was investigated in oat leaves after infection with different rust fungi . The oat leaves (Avena sativa L .) were inoculated with the compatible rust Puccinia coronata f. sp . avenae and the two nonpathogens Puccinia recondita f. sp . tritici and Puccinia graminis f. sp. tritici . No alterations in enzyme activities were found in the compatible interaction . In the nonhost interaction with P. recondita ff sp . tritici (1-1,3-glucanase and chitinase activities increased by 100 % 24 h after infection. With P . graminis f. sp . tritici the activities of both enzymes increased about twofold after 48 h . In both nonhost interactions the observed increase in activity was due to the induction of an acidic fl-1,3-glucanase and a chitinase whereas the activity of the basic enzymes did not change . This increase is small compared to other systems and apparently the enzymes are not able to inhibit growth of the different rust fungi . Treatment of noninfected plants with the abiotic stress factor mercuric chloride induced necrosis and production of avenalumins but had no effect on the activities of the two enzymes investigated . In the nonhost systems no alteration of peroxidase activity and no induction of avenalumins could be found . Our results indicate that mechanisms other than the stress responses of oat plants studied so far are active in nonhost resistance .
INTRODUCTION
Development of various cereal rusts up to and including appressorium formation in nonhost Gramineae is similar to that which occurs in compatible interactions of cereal rusts and their hosts [32] . However, after formation of the substomatal vesicle, differences in fungal development became obvious . In oat leaves, hyphal growth of the non-pathogenic rusts (nonhost resistance) is slower when compared to growth of the oat rust in compatible and incompatible interactions, and the number of haustoria formed per infection site is reduced substantially [32] .
Various reactions of cells of oat leaves to non-pathogenic rusts can be distinguished by light microscopy . When Puccinia species were used as inoculum these reactions included the appearance of mesophyll cells that fluoresce and had collapsed, that t To whom correspondence should be sent . Abbreviations used in text : DBA, dodecylbenzenesulfonic acid, sodium salt ; HMC, haustorial mother cell ; IWF, intercellular washing fluid ; MDH, malate dehydrogenase ; PR, pathogenesis-related ; TMV, tobacco mosaic virus. fluoresce but had not collapsed, and cells that neither fluoresced nor had collapsed . These reaction types were induced in different ratios by different Puccinia species [181 . Another reaction is the formation of' papillae in response to non-pathogens which penetrate the epidermis of their natural host directly [8, 101 . To date only limited biochemical information regarding non-host resistance of members of the Gramineae to rust fungi is available [15, 16, 32, 34] . In oat leaves, the first host reactions can be observed during formation of the substomatal vesicle [341 . At this time, enhanced synthesis of RNA occurred and was followed by the apparent synthesis of new proteins . Inhibition of RNA and protein synthesis caused the plants to become more susceptible to nonpathogenic fungi [32] . In spite of these observations, little is known about the nature of resistance-mediating substances which may be involved in the expression of nonhost resistance by members of the Gramineae to the rust fungi .
In nonhost resistance of dicotyledonous plants to rust fungi (literature cited in [3] ), fungal development is similar as in Gramineae and usually ceases before formation of the first haustorium . Plant cells in contact with the fungus can exhibit a wide range of reactions including wall thickening, autofluorescence, formation of phenolic compounds and silicon deposition . These reactions in part resemble those observed in Gramineae as nonhosts and are thought to be nonspecific resistance mechanisms .
The possible involvement of 8-1,3-glucanases and chitinases in resistance against a wide range of pathogens has been suggested [1] . Moreover, in several plants pathogenesis-related (PR) proteins have been identified as f-1,3-glucanases and chitinases [I1-13, 17, 25, 27] . In such systems these enzymes are expressed only at very low levels in non-infected plants but as a result of infection their activity is substantially enhanced . In previous work we reported that different forms of both enzymes are present in the intercellular space of oat leaves [4] , where they could interact with the fungus . In the present investigation we address the possible roles of these enzymes in nonhost resistance .
MATERIALS AND METHODS

Plant and fungal material
Oat plants (Avena saliva L, cv . Selma) were grown in compost in 45 x 30 cm planting boxes in a growth chamber with a 16 h light (170001x)/8 h dark photo period and temperatures of 24 °C and 21°C, respectively . Ten days old seedlings were inoculated with a compatible race of oat crown rust, Puccinia coronata f. sp . avenae (race HKR I) and two nonpathogens of oat, the wheat leaf rust fungus, Puccinia recondita f. sp . tritici (race WBR I) and the wheat stem rust fungus, Puccinia graminis f. sp . tritici (race ANZ) . Urediospores of the rust fungi were obtained from the respective host plants . Freshly harvested spores were used in all experiments .
Plant inoculation and treatments
About 2000 plants with two well developed primary leaves were sprayed with the following suspensions or solutions : (a) 50 mg spores of Puccinia coronala and an equal amount of talcum ; (b) 60 mg spores of P. recondita and an equal amount of talcum ; (c) 100 mg of spores of P . graminis and an equal amount of talcum ; (d) 60 mg talcum ; (e) Nonhost resistance with rust fungi 311 30 ml water with 1 mg ml -' ethephon (2-chloroethylphosphonic acid) ; and (f) 0 . 1 mm, I mm or 5 mm dodecylbenzenesulfonic acid, sodium salt, DBA (Sigma) in a total volume of 30 ml water . Plants were then placed in a dew chamber for 24-36 h after which they were returned to the growth chamber .
Light microscopy Leaf pieces of approximately 2 cm length were cleared and stained according to Rohringer et al. [30] , except that Uvitex 2B (Ciba-Geigy) rather than calcofluor was used . The fungal infection structures were observed using fluorescence microscopy with a 365 nm excitation filter (incident light) and a 420 nm barrier filter . For each treatment between 200 and 500 infection sites were counted . In addition the number of infection sites per cm 2 of leaf surface was determined .
Infiltration, enzyme assays, protein and avenalumin determination
The preparation of the intercellular washing fluid (IWF), enzyme assays for /3-1,3-glucanase and malate dehydrogenase, and the assay for chitinase and protein determinations were carried out as described previously [4] . One unit of /3-1,3-glucanase is defined as the enzyme activity that liberates one nmol glucose equivalents s -' . Peroxidase activity was measured according to Rathmell & Sequeira [29] . Avenalumins were induced by spraying the leaves with a solution of 0 . 1 °%, mercuric chloride . They were isolated and determined as described by Mayama et al . [23] . Leaves (5 g) or lyophilized IWF (original volume 400 µl) were extracted with methanol and fractionated through a Sephadex LH 20 column (1 x 20 cm) . The fractions were assayed for avenalumins by thin layer chromatography . To develop the plates the lower phase of a chloroform : methanol : water (65 :35 : 10 v/v) mixture was used . For further characterization a UV-spectrum was made .
Induction of necrosis, preparation of extracts for [3-1,3-glucanase and chitinase determination For the induction of necrosis, 10 days old plants were sprayed with a 0 .2°; o or 0 .4°o solution of mercuric chloride . Control plants were sprayed with distilled water . Leaves were collected at different time intervals and rinsed with water to remove the mercuric chloride from the leaf surface . The tissue was homogenized in a mortar at 4 °C with sea sand (Riedel-de Haen, analytical grade, granulation 0 . 1-0 . 3 mm) using an 80 mm citrates 30 mm phosphate pH 2 . 8 buffer (2 mg g-' of tissue) for PR-protein extraction [2] . The leaf extracts were centrifuged at 47 000 g for 20 min, and the supernatant was used directly for enzyme assays . Identical extracts were also prepared from oat crown rust and wheat leaf rust infected leaves . All extracts were stored at -20°C .
Chromatofocusing
Chromatofocusing in the acidic range (pH 6 . 2-2. 2) was carried out on a Serva DEAE = Si 500 column, equilibrated at pH 6 . 2 . For sample preparation 0 . 5 to I ml of IWF were added to 20 ml of the starting buffer and concentrated by ultrafiltration (Amicon 8200 ultrafiltration cell with a YM5-filter) . Ampholytes were obtained from Serva .
For further characterization of the fraction eluting in the exclusion volume from the Serva DEAE column, a separation in the basic range (Pharmacia PBE 118 1 , pH 10-8) with Servalyt pH 5-10 (Serva) as ampholyte and the Pharmacia PBE 94 chromato-312 W . Fink et al. focusing system for the pH-interval between 7 and 9 was performed . The PBE 94 column was eluted with Polybuffer 96/acetic acid pH 6 (Pharmacia) prepared according to the manufacturer's instructions .
RESULTS
Microscopic observation of fungal development
The growth of the pathogenic and the two nonpathogenic cereal rust fungi in association with oat leaves was studied by lightmicroscopy ( Table 1) . The compatible oat crown rust fungus developed secondary hyphae and secondary haustoria abundantly . Formation of uredia occurred at 7 days and sporulation at 10 days after inoculation . Generally the two wheat leaf rust fungi developed until haustorial mother cell (HMG) formation . Some haustoria were produced by both wheat rusts, but no further development was observed at 48 h . The reactions of the plant cells differed by 24 h after inoculation with the three rust fungi . In the compatible interaction, fluorescence was frequently seen in the guard cells and subsidiary cells around the appressoria but not in the cell walls of mesophyll cells in contact with the fungal infection structures . After inoculation with the wheat stem rust fungus, only some of the cell walls of the guard cells and the mesophyll cells in contact with the fungus exhibited autofluorescence . With the wheat leaf rust fungus no autofluorescence of host cells was observed . In all three interactions studied we observed neither browning of the mesophyll cells nor a hypersensitive reaction . Cells in which haustoria were formed did not exhibit autofluorescence 48 h after inoculation regardless of the fungus-host combination . Nonhost resistance with rust fungi 3 1 3
Characterization of the intercellular space during infection
To obtain an indication of the stability of host cells during infection, the activity of the intracellular marker enzyme malate dehydrogenase (MDH) in the intercellular washing fluid (IWF) of leaves infected with the oat crown rust fungus and the wheat leaf rust fungus was determined . MDH activity remained constant during the experiments and no differences from the control leaves were observed . The activity in the IWF was 0 . 04% of the total cellular MDH-activity, similar to results described earlier [4] . The protein content in the IWF decreased from 0 . 4 mg ml -' with 10 days old plants to 0 . 2 mg ml -' with 12 and 14 days old plants . There were no differences between control leaves and leaves that had been infected with the different rust fungi or with the ethephon and DBA treatments . SDS-PAGE of the different IWFs led to a similar pattern as shown before [4] .
Total activity of fj-1,3-glucanase and chitinase in the IWF In the IWF of talcum control leaves, /3-1,3-glucanase activity decreased slightly between 0 and 48 h after treatment (Fig . la) . Similar results were obtained in the compatible interaction (OCR) . In contrast, infection with the wheat leaf rust resulted in an increase of fl-1,3-glucanase activity of 100 % over the control within the first 24 h after inoculation . Activity of the enzyme was then found to decrease at 48 h after inoculation . With the wheat stem rust infection fl-l,3-glucanase activity did not differ from the control at 24 h p .i . but reached a 100 % increase at 48 h p .i .
Chitinase activity was similar in control leaves and in the compatible interaction (Fig . I b) . In both nonhost systems chitinase activity exhibited a time course similar to that of the /3-1,3-glucanase activity . Infection with the wheat leaf rust fungus lead to an increase by 100 % 24 h after inoculation while the increase in activity was even more pronounced after infection with the wheat stem rust fungus . Treatment of the leaves with ethephon or DBA yielded no differences in the activity of either enzyme compared to the control .
Patterns of 13-1,3-glucanase and chitinase separation
The increase of extracellular /l-1,3-glucanase and chitinase activities were studied further by the technique of chromatofocusing . Peaks of activities of both enzymes were obtained by a single separation on a DEAE = Si 500 column (Fig . 2) . Three fl-1,3-glucanase peaks (A, B, and C) and two peaks with endo-chitinase activity (X and Y) were resolved . During infection with the oat crown rust fungus the activity of the different fl-l,3-glucanases was not altered (Fig . 3) . The observed increase of total fl-1,3-glucanase activity during wheat leaf rust infection after 24 h and wheat stem rust infection after 48 h was mainly due to the increase of f-1,3-glucanase B .
As with the f3-1,3-glucanase, the activity of the chitinases in the compatible interaction remained similar to the control . In contrast the chitinase activity eluting in the acidic range (peak Y) increased two-fold after 24 h of wheat leaf rust infection and three-fold after 48 h of stem rust infection . The f-1,3-glucanase and chitinase activities eluting in the exclusion volume were not altered during the different infections . After ethephon treatment the patterns of both enzymes were the same as in the control .
To determine the isoelectric points and the number of fl-1,3-glucanases and chitinases eluting in the exclusion volume we performed a chromatofocusing in the basic pH-range (Fig . 4) . The /3-1,3-glucanase activity eluted in the exclusion volume, indicating a pl above 10 . Chitinase activity eluted in a broad peak, which may contain several enzymes with pls between 9 and 9 . 5 . On Pharmacia PBE 94 (pH-range 9 to 7) chitinase and f-1,3-glucanase activity remained in the void volume .
pH-optima of the enzymes
The l-1,3-glucanase of the IWF exhibited a narrow pH optimum between 4 . 5 and 5 . 5 . During fungal infections no additional isozymes with other pH-optima were formed . On the contrary the chitinase activity in the IWF showed a broad pH-maximum between 4 . 0 and 8 . 0 .
Peroxidases and avenalumin formation as other possible defence reactions While extracellular peroxidase activity was not enhanced in either the compatible interaction or in the nonhost systems, treatment with DBA resulted in a three to fourfold increase depending on the DBA concentration used (Fig. 5) . This indicates that under particular stress conditions peroxidases can be induced in the oat leaves .
After infection with the compatible oat rust and the two wheat rusts avenalumins were not detected in a methanolic leaf extract or in the IWF . Spraying the leaves with 0 . 1 % mercuric chloride [21 ] , however resulted in the formation of avenalumins after 24 h, indicating that this cultivar can produce these phytoalexins (Fig . 6) . In infected leaves we did not observe with the light microscope the white-blue autofluorescence, which is typical for avenalumins [22] . Fraction number FIG . 6 . Separation of methanolic extracts on Sephadex LH 20 obtained 24 h after different treatments : (0-0) mercuric chloride, (0-0) talcum control, and (Q-Q) wheat leaf rust . 1 . 3 ml fractions were collected, the flow rate was 10 . 8 ml h-1 . Avenalumins were identified in the fraction under the peak indicated by the arrow . Further identification was carried out as described in Materials and Methods . 24 , 48, and 72 h after spraying with 0 . 4 % mercuric chloride . Additional samples were taken 24, 48, and 72 h after spraying with 0 . 2 % o mercuric chloride . None of the treatments led to an increase of f-1,3-glucanase or chitinase activity compared to leaves sprayed with water, where 2 . 1 ±0 . 3 nkat f-1,3-glucanase and 1 . 3 x 10 5 cpm chitinase activity ml-' extract were measured . DISCUSSION In both nonhost interactions the rust fungi stopped their growth after formation of the haustorial mother cell and haustoria were formed only occasionally . The development of the two nonpathogenic rust fungi was similar to observations by Luke et al . [18] described for other cereal rusts in oats . Although these authors used 4 to 5 weeks old plants fungal growth stopped at the stages of development as observed by us with 11 I I0 30 days old plants . A similar growth situation was reported for rye leaf rust Puccinia recondita Esp . secalis in barley as a nonhost [28] . Luke et al. [18] observed that different nonpathogenic fungi can induce different reactions in the same graminaceous plant species . We made similar observations with both wheat rusts studied in oat leaves . With wheat leaf rust, mesophyll cells exhibited no autofluorescence . However wheat stem rust frequently induced autofluorescence in the cell walls of mesophyll cells in contact with the fungus . In no case could we observe collapsed mesophyll cells at either 24 or 48 h after inoculation even when the fungus had formed haustoria . Apparently the non-pathogenic fungus does not induce such severe reactions of the plant as was found in cultivar resistance of oat [33] . In this case [33] 40 h after inoculation most of the infection sites showed cell collapse . fl-1,3-glucanases and chitinases are already present in the extracellular space of oat leaves without fungal infection [4] . We were interested in finding out whether activity of these enzymes changed in the compatible interaction or was different during nonhost resistance . Our results show that the enzyme activities neither increased nor decreased in the compatible interaction . It appears that the enzyme activities present in the noninfected plants are not sufficient to reduce or even stop the growth of the compatible rust . In the compatible wheat-wheat stem rust interaction, fungal growth was not stopped even after an eight-fold increase of fi-1,3-glucanase activity [31 ] .
In oat leaves the enzyme activities increased 1 .5 to two-fold after infection with both the wheat rust fungi . The observed increase is small compared to the increases of such hydrolytic enzymes regarded as PR-proteins in other systems, where the activities are enhanced between 8 and 40-fold [11] [12] [13] 17] . In corn leaves the abiotic stress factor mercuric chloride enhanced total chitinase activity up to 48-fold after 96 h [27] . This was not the case with oat leaves treated with mercuric chloride, although necrosis occurred . Fischer et al. [5] showed that PR-proteins cannot be induced in barley leaves but highly toxic thionines can be found . This supports the presumption that Gramineae express different defence mechanisms in their leaves .
Our results show that a distinct enhancement of f-1,3-glucanase and chitinase activity in the IWF appears after expression of resistance, which begins with substomatal vesicle formation [32, 34] . As the fungus extends into localized parts of intercellular spaces hydrolytic activity against fungal structures can only be expected if the enzymes had been induced locally . However, until now only systemic induction of#-1,3-glucanase has been demonstrated cytochemically after fungal infection [7] . No similar investigations for chitinases have to our knowledge been published .
Using a mixture of purified /1-1,3-glucanase and chitinase Mauch et al . [20] were able to stop the growth of different fungal species in vitro . With the high concentrations they used hyphal tips were lysed often within one minute . As in other nonhost systems [9, 14 ] we could not observe such extreme damage with the wheat rust fungi used . As rust fungi are partially resistant to fl-1,3-glucanases and chitinases [6] , fungal cell wall damage is unlikely . Compared to germ tubes, infection hyphae are quite insensitive to the action of protease, laminarinase and chitinase [6] .
Another possible function of these enzymes could be the liberation of signal molecules which could influence the metabolism of the plant or the fungus [24] . This is supported by the fact that distinct fl-1,3-glucanases and chitinases are enhanced . In nonhost resistance we found an increase of acidic enzymes only . In tobacco leaves [12, 17] . basic and acidic forms of f-1,3-glucanases and chitinases were found after TMV 320 W . Fink et al. infection . Little is known about specific induction of single isozyme forms of these enzymes during the infection processes . In contrast to our system, Mauch el al . [19] showed that during Fusarium infection of pea pods a pathogen and nonpathogen induced the same enzyme pattern . In wheat, all fl-1,3-glucanase isozymes present already in the noninfected plants were enhanced after infection with the compatible rust fungus and some new isozyme forms were found [31 ] .
In cultivar resistance of wheat to wheat stem rust, the participation of peroxidase isozymes in lignin formation is presumed [26] . In contrast, these enzymes play no role in cultivar resistance of oat [35] . In addition, our results indicate that peroxidases are not involved in nonhost resistance . Avenalumins which are considered to be resistance related substances in oats [211, could only be detected in necrotized leaves but not in nonhost interactions, in the IWF or in methanol extracts of the leaves . While these results do not exclude the possibility that avenalumins are formed locally [33] , this is unlikely as we could neither observe the characteristic fluorescence of avenalumins [22] nor necrosis formation necessary for avenalumin induction .
None of the several possible defence mechanisms of oat leaves investigated in this study appear to be involved in the nonhost resistance against cereal rusts . Thus, mechanisms other than these seem to be activated, e .g . after a possible liberation of signal molecules by fl-1,3-glucanases and chitinases .
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